The adsorption rate of methyl red dyes on a polymer surface is studied and determined to be much faster than that on indium-tin-oxide-coated glass. Therefore, an optically switchable twist-nematic grating is fabricated using a dye-doped liquid crystal cell, with a glass substrate coated with a polymer relief grating. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2167393͔
The alignment of liquid crystal ͑LC͒ molecules on a substrate is an important research/development subject, because it is a critical element for fabricating LC displays and devices. Presently, the commonly used approach for aligning LCs is based on the rubbing of polyimide ͑PI͒. The rubbed PI film is responsible for topological anisotropy of the surface of the substrate and the related LC alignment. The topological anisotropy is typically associated with the ordered orientation of polymer molecules and/or microgrooves. Mechanical rubbing may result in static charge and dust on the surface, so noncontact alignment approaches, including photoalignment electron-beam alignment, among others, are being actively studied.
In photoalignment, LCs are typically aligned on a substrate by irradiating a surface that contains photoreactive molecules or photodimerization molecules 1 with linearly polarized light ͑visible or UV͒. Polarized light induces axially selective isomerization, 2, 3 dimerization, 4, 5 or decomposition, 6, 7 which alter the characteristics on which LC alignment depends. Photoalignments using the lightinduced adsorption of azo dyes doped in LC films have also been reported. [8] [9] [10] [11] The basic mechanism that is responsible for the alignment effect is the light-induced reorientation of the azobenzene chromophores, promoted by trans-cis isomerization cycles. In such systems, photoalignment [12] [13] [14] [15] yields an easy-axis on the photosensitive surface of an LC cell upon irradiation with polarized light. This effect was observed in cells that had been filled with dye-doped nematic LCs. [8] [9] [10] [11] 16 This work studies the adsorption of dye molecules on a polymer-coated ͑NOA81, Norland͒ glass substrate. The adsorption rates of dyes on the polymer surface greatly exceeded that on an indium-tin-oxide ͑ITO͒-coated glass. This result was considered to fabricate a twist-nematic ͑TN͒ grating, which is optically switchable using a dye-doped liquid crystal ͑DDLC͒ cell that comprises a substrate coated with a polymer relief grating ͑PRG͒.
The LC and the azo dye used in the study of the characteristics of dye adsorbed on a polymer surface, were E7 ͑Merck͒ and methyl red ͑MR͒. The mixing ratio of E7 to MR was ϳ99: 1 wt %. A 25 m cell consisting of a test substrate, ͓coated with a polymer ͑NOA81͔͒ and a reference substrate ͑coated with a polyimide͒ was filled with this mixture. The substrates used herein were ITO-coated glass slides. The polymer layer on the test substrate was irradiated with nonpolarized UV light ͑ϳ30 mW/ cm 2 ͒ from a Hg lamp for 2 min. The PI on the reference substrate was rubbed to promote the homogeneous alignment of liquid crystals. The cell was filled with a mixture of E7 and MR in the isotropic phase ͑at T ϳ 70°C͒ and cooled naturally to room temperature. The homogeneous alignment was verified using conoscopy.
The pump-probe system presented in the inset of Fig.  1͑a͒ was employed to study the reorientation of LC molecules by the absorbed dyes. Briefly, a TE-polarized diodepump solid state ͑DPSS͒ laser ͑ = 532 nm with a power ϳ30 mW/ cm 2 ͒, whose polarization parallel to the rubbing direction was almost normally incident onto the sample from the test surface to excite MR dyes. The beam diameter of the DPSS laser was ϳ0.25 mm. A weak TM-polarized He-Ne beam was utilized to probe the transmission with the sample placed between two polarizers. The transmission axis of the first polarizer was parallel to the rubbing direction. Figure  1͑a͒ presents the measurements. As shown in Fig. 1͑a͒ , the transmittance of the probe beam is initially low ͑high͒ under the cross-polarizer ͑parallel-polarizer͒ condition. After the sample was irradiated by a DPPS laser, the transmittance of the probe beam through the cell increases ͑decreases͒ under the cross-polarizer ͑parallel-polarizer͒ condition, indicating that, under DPSS laser irradiation, the dyes are excited, diffused, and finally adsorbed on the test substrate coated with a polymer film with their long axes perpendicular to the polarization of the pump beam. This results are similar to those obtained when MR is adsorbed by ITO-coated glass. [8] [9] [10] When enough adsorbed dyes are present on the test surface, the LCs align such that their director axes are parallel to the dyes' long axes. Therefore, a twisted LC structure is formed in cell. The twist angle of the TN structure formed after excitation with a DPSS laser for ϳ500 s was analyzed by measuring the transmission of the sample placed between a polarizer and an analyzer. The polarizer whose transmission axis was parallel to the rubbing direction was fixed as the analyzer was rotated. Figure 1͑b͒ presents the results, which were fitted using the DIMOS software. The twist angle was ϳ90°in our cells.
An ITO-coated glass was prepared with half of its surface coated with polymer ͑NOA81͒ to compare the adsorption rates of dyes on a polymer surface with that on an ITOcoated glass surface. It was used as a test surface to make a homogeneous DDLC cell similar to the one that yielded the results in Fig. 1͑a͒ . A DPSS laser ͑ϳ30 mW/ cm 2 ͒ was used to irradiate the sample; the beam covered both the bare ITOcoated glass and the polymer areas for 300 s. Figure 1͑c͒ presents the observations made using a parallel-polarizer optical polarizing microscope ͑OPM͒. Notably, the half with the polymer is much darker than the other half ͑ITO surface͒ in Fig. 1͑c͒ , indicating that the rate of adsorption of dyes on the polymer surface greatly exceeds the ITO-coated glass surface, enabling the fabrication of a TN grating using a PRG ͑Refs. 17-22͒ as a test substrate. A polymer relief grating was then prepared by irradiating a polymer layer coated on an ITO-glass substrate with UV ͑ϳ30 mW/ cm 2 ͒ through a striped photomask ͑spacing ϳ50 m͒. The irradiation time was ϳ20 s. The sample was then immersed in acetone to dissolve a nonirradiated monomer. Figure 2 presents the morphology of the resulting PRG, whose polymer/ITO surface has a periodic structure. The fabricated polymer grating was analyzed by optical microscopy and atomic force microscopy ͑AFM͒. A nonpolarized He-Ne laser beam was diffracted. Figure 2 presents the results. Notably, the spacing and amplitude of the polymer grating were ϳ50 and ϳ2 m, respectively.
The test substrate of the cell that yielded the results in Fig. 1 was replaced with a polymer relief grating ͓Fig. 2͑a͔͒ to fabricate a TN grating. A circularly polarized DPSS laser beam was incident normally on the sample from side of the test surface through a polarizer. The test surface comprises a periodic structure of a polymer/ITO-coated glass surface, so the cell is a TN grating with a periodic structure that supports TN/homogeneous alignment excitation when irradiated by a TE-polarized DPSS laser ͑30 mW/ cm 2 ͒, because of the different rates of adsorption of dyes on polymer/ITO-coated glass surfaces ͓Fig. 1͑a͔͒. Figures 3͑a͒ and 3͑b͒ present the diffraction patterns of the cell before and after it is irradiated by a DPSS laser, respectively. Figures 4͑a͒ and 4͑b͒ present the cell structure before and after it is irradiated by the DPSS laser. Notably, the grating with the structure in Fig. 4͑a͒ diffracts much more strongly than that the structure in Fig. 4͑b͒ . In particular, the third order diffraction in the latter case ͓Fig. 3͑b͔͒ is very weak, probably because the PRG and TN grating effects are combined. Additionally, these two structures were found to be optically switchable. Figures 4͑a͒ and 4͑b͒ present the switching behavior. Figure 4͑c͒ presents dynamic measurement of the first-order diffraction, probed by a TMpolarized He-Ne laser, from the formed TN grating, by switching the polarization of the DPSS pump laser ͑ϳ30 mW/ cm 2 ͒. Twenty cycles of switching reduced the peak diffraction by ϳ30%.
The mechanism of the optical switching presented in Fig. 4͑c͒ may be associated with the adsorption of dyes that remain in the LC film and the reorientation of the adsorbed dyes. In a separate experiment, the latter was established to be the main cause. The LC/MR mixture was carefully removed from the formed TN grating, which was refilled with only LC. A switching effect similar to that presented in Fig.  4͑c͒ is repeated with the refilled cell.
In conclusion, this work shows that the rate of adsorption of MR dyes on the polymer surface greatly exceeds that on an ITO-coated glass. A TN grating is easily fabricated using a polymer relief grating as a test surface for a DDLC cell, based on the fact that MR dyes on polymer and ITOcoated surfaces have different adsorption rates. Interestingly, the formed TN grating is optically switchable. The peak diffraction is, however, ϳ30% lower after 20 switching cycles. The switching cycle must be improved to enable this device to be used in practical applications. Research and development is being conducted to improve the switching cycle using better device designs and/or materials. 
